The Thymus, Delayed Hypersensitivity and Autoimmunity
In the initial experimental studies with neonatally thymectomized animals it was presumed that the thymus in the mammal was responsible for the development of all immune responses and of all other lymphoid tissues (Miller 1961 (Miller , 1962 . Thus the concept arose which envisaged the thymus as giving rise to and seeding clones of both normal and abnormal immunologically competent cells (Burnet 1962) .
A conclusion of this concept was that the thymus could be primarily and directly responsible for many clinical immunological disorders. Since then, we have discovered not only that there are immune mechanisms which are independent of the thymus, but that the thymus itself is dependent upon the integrity of another tissue, namely, the bone marrow. The purpose of this paper is to summarize recent experimental data which are particularly relevant to the understanding of thymic abnormalities and any associated immunological disturbance in patients.
Origin ofCells within the Thymus It has been shown conclusively by Micklem et al. (1966) that the vast majority of cells which repopulate a thymus graft or a thymus in situ depleted by irradiation do not arise within the thymus tissue itself but are derived from bone marrow. These workers used the very valuable CBA/T6T6 strain of mice with its two marker chromosomes. With this strain it is possible in grafting experi-ments to identify the origin of any one cell amongst mixed cell populations and to decide whether the cell is derived from donor or recipient, or from one type of inoculum or another. This may be done by noting the presence or absence of the T6 marker chromosome in cells that are in process of division. Moreover it now seems likely that there is a continuous and normal replacement of stem cells in the thymus via the circulation throughout life in the mouse (Ford 1966) . Recent work by Moore & Owen (1967) has shown that there is a flow of blood-borne stem cells into the epithelial thymic rudiment of the chick embryo.
Despite this dependence of the thymus on replenishment of cells from without, it is apparently the presence of the epithelial reticular component which endows the thymus with its capacity for inducing bone marrow cells to lose their myeloid characteristics and become thymic lymphocytes (Micklem et al. 1966) . Autoradiographic studies have revealed that the donor epithelial reticular framework in a thymus graft survives and persists when all other cells have been replaced by host cells (Dukor et al. 1965 ). If, however, the graft is damaged by irradiation before implantation then it remains an epithelioid remnant incapable of restoring a thymectomized recipient (Dukor et al. 1965) . A thymus graft will also remain unpopulated if the host bone marrow is destroyed or if host cells are prevented from reaching thymus tissue when it is enclosed in a millipore diffusion chamber (Osoba & Miller 1963) . Two factors are necessary, therefore, for the normal development and continued function of the thymus, namely an intact epithelial reticular framework and a supply of stem cells from the marrow.
1
Thymus-dependent and Thymus-independent Immune Mechanisms All reactions of the delayed hypersensitivity or specific cell mediated type are drastically impaired in neonatally thymectomized animals. These include failure to reject skin grafts (Miller 1962 , Martinez et al. 1962 and reduction in skin reactions to tuberculin and bovine serum albumin (Jankovic et al. 1962) . By contrast, serum immunoglobulin levels are usually normal and the response to some antigens including pneumococcus polysaccharidetype 3 (SSS III) and hemocyanin can be completely normal (Humphrey et al. 1964 , Fahey et al. 1965 ). However, some humoral antibody responses, particularly to the commonly used sheep red blood cells, are also impaired in neonatally thymectomized animals (Miller 1962 , Humphrey et al. 1964 . Thus, the normal development of the ability to manifest delayed hypersensitivity responses is entirely dependent upon the presence of the thymus in the neonatal period, whilst the development of the capacity to form antibodies is to a considerable extent, but not entirely, independent of the thymus.
Drastic reductions in immune responsiveness result when an adult mouse is thymectomized and is subjected to lethal doses of whole body irradiation but protected with an inoculum of bone marrow . Simple thymectomy in the adult animals does not lead to a reduction in immune responsiveness unless an interval of nine to eighteen months is allowed to lapse between thymectomy and testing with an antigen (Metcalf 1965 , Taylor 1965 .
Thymus-dependence of Autoimmune Reactions
The split in the impairment of immune response after neonatal thymectomy is also manifest in autoimmune reactions. Thus, the experimental autoallergic diseases (e.g. encephalomyelitis, thyroiditis) in which delayed hypersensitivity reactions play a major part (Roitt & Doniach 1967) are prevented by neonatal thymectomy (Amason et al. 1962 , Jankovic et al. 1965 ). On the other hand, thymectomy does not cure the spontaneous mouse autoimmune diseases in which the primary symptoms are dependent on the production of autoantibodies. Mice of the NZB strain spontaneously develop autoimmune hmemolytic anemia from five to six months of age (Bielschowsky et al. 1959) and their hybrid progeny NZB x NZW mice develop lupus nephritis from 6 months of age and show positive results to LE tests (Helyer & Howie 1963a ). However, neonatal thymectomy fails to prevent disease in these mice (Helyer & Howie 1963b , East et al. 1967 ) and indeed, the symptoms may be precipitated or become more severe (Howie & Helyer 1966) .
Evidence br an Alternative
Immunological System All the observations on the persistence of antibody formation in neonatally thymectomized animals support the concept that an alternative system exists similar to the thymus but concerned with initiating the cellular mechanism involved in antibody production. It has been known for some time that another lymphoid organ exists in birds which apparently functions in a similar way to the thymus. This is known as the bursa of Fabricius.
The early experiments of Glick et al. (1956) showed that the bursa was concerned with antibody production and the later work by Szenberg & Warner (1962) and Cooper, Peterson, South & Good (1966) demonstrated clearly that a division of responsiveness exists in the chicken. Neonatal thymectomy depressed reactions to skin grafts whilst neonatal bursectomy or hormonal prevention of bursal development depressed circulating antibody without affecting the response to skin grafts. Evidence for an organ or group of organs in mammals with the same responsibilities as the bursa of Fabricius is not conclusiveatthemoment, although Cooper, Perey, McKneally, Gabrielsen, Sutherland & Good (1966) have suggested from their work on rabbits that the appendix, sacculus rotundus and Peyer's patches might together fulfil that role.
Morphological Evidence in the Lymph Nodes and Spleenfor the Existence ofTwo Immune Systems The conclusion that an immunoglobulin-forming mechanism exists which is independent of the thymus is substantiated by examination of the lymph nodes and spleens in neonatally thymectomized animals. The depletion of lymphocytes within the lymphoid tissues of these animals is confined to the mid and deep cortex of the lymph nodes and immediately around the central arteriole of the spleen, 'thymus-dependent' areas; the outer cortex of the lymph node containing primary nodules and the medullary cords containing plasma cells, the outer part of the follicle in the spleen and the red pulp are relatively unaffected . After the administration of an antigen such as SSS III to which thymectomized mice can respond, the lymphoid tissues react in the same way as those in intact animals, namely by plasma cell proliferation and germinal centre formation; however, there is a striking difference in the appearance of draining lymph nodes from 7Section ofPathology intact and thymectomized mice if the stimulus is of the delayed hypersensitivity type . The first response in the draining node of an intact mouse to a contact sensitizing agent such as oxazolone or after application of a skin graft from an allogeneic donor is a rapid proliferation of pyroninophilic blast cells within three to six days in the thymus-dependent areas of the lymph nodes. This response does not take place in the lymph nodes of neonatally thymectomized animals (Parrott 1967a ). There appears to be a direct relationship between the inability of these animals to reject skin grafts and to manifest responses of the delayed hypersensitivity type and the absence of small lymphocytes and the failure of pyroninophilic blast cell proliferation in the thymus-dependent areas of the lymph nodes.
The Behaviour of Thymus-derived Cells There are two theories as to how the thymus mediates its control over the cellular populations and immune reactions within its especial province. One is cellular, the other humoral, though neither is mutually exclusive. The main support for a humoral mechanism lies in the limited restoration in immune response mediated by a thymic implant enclosed in a cell-tight diffusion chamber (Osoba & Miller 1963 , Osoba 1965 for no thymus 'hormone' has yet been isolated. An alternative explanation for these experimental results is that the surviving thymic epithelium might retain its capacity to induce bone-marrowderived cells to 'transform' into thymic lymphocytes by means of some sort of cytoplasmic bridging or contact through the semipermeable membrane.
Most experimental observations now favour the concept that the thymus fulfils its functions by contributing directly to and possibly forming the bulk of circulating lymphocytes. It is important to realize not only that thymectomy causes a fall in lymphocytes in the blood (Miller 1962 , Parrott 1962 ) and thoracic duct lymph (Schooley & Kelly 1964 , Miller et al. 1967 ) but also that the thymusdependent areas are the same as those through which lymphocytes normally circulate (Gowans & McGregor 1965) . The difference between thymus-dependent and independent cell populations lies not only in location but in mobility. Earlier objections to the cellular theory arose from difficulties in detecting the exit of cells from the thymus and of locating them in the lymphoid tissues. These difficulties have now been overcome. Autoradiographic studies with isotopically labelled thymus cells and tissue either as a graft or in situ have shown that cells migrate from the thymus and localize solely in the thymus-dependent areas , Weissman 1967 . In both the neonate (Weissman 1967) and neonatally thymectomized adult ) these cells form a substantial part of the total cell population. Unlike spleen or bone marrow inocula they do not penetrate other areas of the lymph nodes and spleen (Parrott 1967b) . Experiments utilizing the T6 chromosome marker and thymus grafts have shown that although the numbers of thymusderived cells detected by this technique in lymph nodes or spleen may be comparatively few in quiescent tissue, administration of an appropriate antigenic stimulus, e.g. application of a skin graft, results in a burst of mitoses amongst cells derived from the thymus graft (Miller et al. 1966 , Davies et al. 1966 . We know, therefore, that cells leave the thymus and take part in immune responses, but are they effector cells? Thymocytes prepared directly from the thymus have poor immune competence as compared with other lymphoid cells. The pyroninophilic blast cells which multiply in the thymus-dependent area of a draining lymph node after the application of a skin graft only do so in the presence of thymusderived cells. However, we still do not know the exact relationship between the pyroninophilic blast cells and the thymus-derived cells nor the relationship between the pyroninophilic blast cell and the effector cell which eventually rejects a skin graft. It may be reasonable to conclude, but not yet proven, that some of the pyroninophilic blasts have arisen by direct transformation of thymus-derived cells and that the pyroninophilic blast cells in their turn give rise to the effector cells.
Studies on a thymus-dependent antibodyforming system (involving observations of the response to sheep red blood cells) have recently thrown an interesting light on the function of the thymus-derived cell. These cells apparently work in collusion with bone marrow cells to form the antibody and neither is effective without the other , Davies et al. 1967 ). However, the effector or antibody-forming cells are derived solely from the bone marrow, not the thymus (Davies et al. 1967 , Taylor et al. 1967 , Mitchell & Miller 1968 . What then is the function of the thymus-derived cells? One can postulate that these cells which respond first to an antigen by rapid division and which form part of the recirculating pool are well suited to be carriers of information. On the other hand, by virtue of sheer numbers they are also well suited to keep the routes of recirculation open and thus facilitate the recruitment of the true effector cells, perhaps few in number, to the site of antigen contact.
Thymic Abnormalities and Disease
Two final questions remain: (1) How may the division of immunological response into thymusdependent and thymus-independent systems assist in the interpretation of diseases associated with thymic abnormality? (2) How far is the burden of primary thymus responsibility shifted by the knowledge that cells from the bone marrow constantly enter the thymus?
Good and his colleagues (Peterson et al. 1965 , Good 1966 ) have presented convincing clinical evidence of the presence of two immunological systems in man. This renders the interpretation of cases such as those described by Nezelof et al. (1964) and Fulginiti et al. (1966) much simpler: these authors record the presence of lymphoid structures, plasma cells and immunoglobulin production despite thymic alymphoplasia; only responses of the delayed hypersensitivity type were reduced. In more severe cases of the Swiss type of alymphoplasia (Glanzmann & Riniker 1950 , Hitzig & Willi 1961 , Gitlin & Craig 1963 , when there is total impairment of all immune responses and often some associated haematological disorder, then it seems more likely that there are defects in the bone marrow as well as in the thymus. Perhaps some of the epithelium cell thymomas in adults are a consequence rather than a cause of bone marrow aplasia.
A major source of controversy has been the primary responsibility attributed to the thymus in autoimmunity. Middleton (1967) , however, has recently found germinal centres in 72 % of thymuses obtained at post-mortem after acute (but not prolonged) illness or accidental death. This considerably reduces the significance hitherto accorded to the presence of germinal centres in thymuses obtained at biopsy from patients with myasthenia gravis or other autoimmune diseases.
Moreover, the onset of a thymoma and the associated diseases are often quite unrelated in time (Mackay 1966 ) and excision of the thymus in patients does not necessarily improve autoimmune symptoms (Alarcon-Segovia et al. 1963 , Fisher 1964 . Experiments in mice, as already described, have shown that the production of autoantibodies is usually independent of the thymus. Autoantibodies which cross-react with striated muscle and thymus have been detected in the serum of patients with thymomas in both the presence and the absence of myasthenia gravis (Strauss & van der Geld 1966) . It is possible, however, that the myoid (Strauss et al. 1966) or epithelial cells in the thymus, like the muscle cells, are solely victims or targets of the autoantibody and not responsible for its production.
The time has now come for a reassessment of the status of the thymus in immunopathology. In an attempt to determine the incidence of thymic abnormalities associated with immune deficiency states, the thymic histology of a thousand autopsies was reviewed. Cases in which the thymus had not been weighed, or in which lymphoid tissues were not available for assessment, were excluded.
Methods
Haematoxylin and eosin stained sections were examined without knowledge of the age, diagnosis at death or thymic weight. The thymuses were divided into 5 groups (Table 1) . Group A consisted of those with normal thymic histology. Simple cortical lymphocyte depletion (Group B), the commonest abnormality seen, can only be assessed in a subjective manner, but in practice there was no difficulty in distinguishing this change from that seen in Group C. The glands in this group show gross cortical lymphocyte depletion with a selective preservation of medullary (Fig 1) . In Groups B and C, and in Group D in which the thymus was directly affected by the disease process or by extensive hemorrhage, Hassall's corpuscles were seen in normal numbers as judged by the criteria of Boyd (1932) . Eighteen cases (Group E) showed various thymic histological abnormalities characterized by absence or gross depletion of Hassall's corpuscles and varying degrees of lymphocyte depletion. In these cases, and in those of Group C (medullary lymphocytes persisting), the remaining lymphoid tissues were examined microscopically and the thymic and splenic weights were obtained from autopsy or surgical records. The diagnosis was also determined in those cases showing direct involvement of the thymus by a particular disease process.
Results
The histological diagnoses in those cases in which thymic structure was disrupted by direct involvement are seen in Table 2 . These cases will not be considered further. 
